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Abstract 8 

Yogurt plastic containers made of polystyrene (PS), olive stone, and mixtures of both 9 

have been converted into activated carbon materials transforming them firstly into char 10 

via pyrolysis and secondly with activation of either KOH or H2SO4. The pyrolysis of the 11 

olive stone gave a higher yield of material than the plastic PS. However, the activation 12 

of the PS char with KOH was more effective, reaching surface areas of 508 vs 194 m2 g-
13 

1 of the corresponding prepared with olive stone. The prepared materials were tested as 14 

CO2 adsorbent in thermobalance and fixed-be column assays. The materials activated 15 

with H2SO4 slightly enhanced the adsorption ability of the original char but were far 16 

from the performance obtained with KOH activation. The CO2 isotherms showed high 17 

synergy of CO2 uptake and selectivity when using activated chars prepared with the 18 

char from the mixture of raw materials, specially at a 1:1 ratio. The isosteric heat of 19 

adsorption values were the expected for a physisorption process. Further experiments in 20 

a fixed-bed column were also studied at atmospheric pressure at different inlet CO2 21 

concentrations (10-50%). The CO2 retention increased as the partial CO2 pressure rose. 22 

Besides, a very similar performance of the material prepared with plastic and olive 23 

stones was obtained at 50%, i.e. 220 and 197 mg g-1 respectively. At low CO2 24 

concentrations, the materials enriched with plastic displayed better performance than 25 

those prepared with olive stone. Cycles of adsorption-desorption were carried out in the 26 
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column to assess the stability of the materials. The curves obtained did not display any 27 

substantial change, demonstrating the lack of adsorption retention. 28 

Keywords: pyrolysis; char; polystyrene; olive stones; activation; CO2 adsorption 29 
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1. INTRODUCTION 30 

The discovery and industrial manufacturing of plastic have posed a great 31 

development since they were mass-produced in the 1950s due to their versatile 32 

properties. Their use is ubiquitous in almost all economic sectors. Plastic consumption 33 

has vertiginously risen. By 2050, it is expected to have produced 1000 million tons of 34 

plastics [1]. Currently, on average, only 9% of the released plastics are recycled [2]. The 35 

rest is landfilled or polluting the natural ecosystems. The alarming presence of plastics 36 

in the environment is stressing and challenging the natural life development of living 37 

organisms [3]. The presence of micro-sized plastics has been widespread all over the 38 

World with a special impact on marine fauna [4,5].  39 

Packaging is the sector that consumes the largest plastics amount and also the sector 40 

with the shortest life [6]. After use, the plastics used for packaging are discharged. 41 

Those that are easily recycled mechanically are incorporated in the plastic circle 42 

manufacture, promoting therefore the circular economy. However, the complexity in 43 

terms of composition and complex management makes little applicability the 44 

mechanical recycling, especially in the rejected fractions from urban wastes. In this 45 

case, recycling through chemical strategies represents a more competitive alternative. 46 

Chemical recycling consists of the breakage of the polymer into monomers by chemical 47 

[7], biological [8] enzymatic reactions [9], or pyrolysis [10,11].  48 

The pyrolysis or the thermal lysis of the polymeric chains allows to obtain three 49 

fractions [12]: a gas generally enriched in methane and other incondensable 50 

hydrocarbons up to butane; a liquid or oil fraction of variable composition depending on 51 

the starting polymer; and a solid residue. The solid waste obtained, namely char, is rich 52 

in carbon and the production yield depends on the operating conditions during the 53 

pyrolysis process [13]. Thus, low heating rates, low temperature, and long residence 54 
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times have been found to maximize the char yield. The gas and the oil released have 55 

potential applications as fuels; however, the char is considered a residue with little 56 

further interest due to the low yield it produces. Some applications under research are 57 

the construction of asphalts [14], fuel briquettes [15], the use as an additive in epoxy 58 

resins [16,17], or as adsorbent after activation for environmental applications such as 59 

the removal of pollutants in aqueous effluents [18–20] of gas purification such as the 60 

CO2 capture [21–23]. 61 

This work studies the preparation of porous activated carbon obtained from mixed 62 

wastes, yogurt containers made of polystyrene (PS), and olive stone. The individual 63 

materials and mixed fractions have been subjected to pyrolysis and the char obtained 64 

was further activated chemically with KOH and H2SO4. The textural properties were 65 

characterized before and after activation, registering great effectiveness when KOH was 66 

used. The resulting material was used as an adsorbent for the removal of CO2 in the gas 67 

phase at 30 ºC and atmospheric pressure, which simulated the conditions of combustion 68 

gases. The CO2 uptake was quantified in thermobalance assays. The materials with the 69 

best CO2 uptake in thermobalance assays after activation were further considered for 70 

analysis in the fixed-bed column. The influence of the inlet CO2 concentration was 71 

investigated within 10 to 50%. 72 

2. EXPERIMENTAL SECTION 73 

2.1. Preparation and activation of the co-pyrolysis chars 74 

High-impact polystyrene (HIPS) was obtained from yogurt containers. After 75 

removing the labeling, the plastic packages were washed, dried, and crushed to less than 76 

1 mm.  The olive stones were acquired from a local olive oil mill supplier in Granada 77 

(Spain). The stones were dried and crushed to less than 1 mm in size. 78 
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The co-pyrolysis of the HIPS and olive stones was carried out in a furnace under an 79 

N2 atmosphere by mixing the crushed starting materials. Around 20 g of material was 80 

placed in a tubular metallic container. Different mixtures of plastic and olive stones 81 

were pyrolyzed, i.e. 80% plastic (80P), 50% plastic (50P), and 20% plastic (20P). The 82 

chars from pure plastic (P-char) or olive stone (OS-char) were also prepared. The 83 

samples were heated under an N2 flow rate of 50 L h-1 from room temperature to 500 ºC 84 

(heating rate 10 ºC min-1). Next, the temperature was kept at 500 ºC for 90 min and 85 

finally cooled down naturally under an N2 atmosphere. The char yield in each case is 86 

shown in Table 1. 87 

Table 1. Char yield during the pyrolysis of polystyrene-olive stone mixtures 88 

Starting mixture Yield (%) 

Plastic 10.6 

80% Plastic 14.6 

50% Plastic 20.2 

20% Plastic 25.9 

Olive stone 28.5 

The resulting chars were activated chemically with KOH and H2SO4. The selection 89 

of the activation temperature and KOH-char ratio was based on preliminary studies and 90 

environmental concerns. Initial tests (results not shown) pointed out that P-char 91 

displayed an optimum activation temperature of 800 ºC, whereas the OS-char displayed 92 

a positive effect on the porosity up to 850 ºC. Based on that premise, and the 93 

environmental cost of the energy required for the activation process, 800 ºC was 94 

selected for this study. Pertaining to the KOH proportion, a previous study of activation 95 

of a char prepared from a mixture of plastics showed that a mass ratio of 1:1 for KOH 96 

was optimum for developing the highest microporosity [24]. Since the optimization of 97 

the KOH-ratio is out of the scope of this work and a higher proportion would negatively 98 

impact the environmental cost of the final material, a mass ratio 1:1 was selected.  The 99 
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activation of KOH was conducted with 2.5 g of char and 2.5 g of KOH, mixed, and 100 

placed in the metallic capsule of the furnace. Under the N2 atmosphere (200 mL min-1), 101 

the temperature was raised from 10 ºC min-1 to 300 ºC and kept at this temperature for 1 102 

hour to melt the KOH. Next, under the same heating rate, the temperature was raised to 103 

800 ºC and kept for 1 h. After cooling to room temperature under an N2 atmosphere, the 104 

resulting sample was washed several times with HCl 1 M and water and finally dried at 105 

120 ºC for 24 h. For the activation with H2SO4, 2.5 g of char was suspended in 25 mL of 106 

H2SO4 at 20%. The suspension was stirred and then dried at 110 ºC. After, the sample 107 

was heated under an N2 atmosphere (200 mL min-1) to 300 ºC (10 ºC min-1) and held for 108 

1 h. For comparison purposes, the non-activated chars were also washed with HCl 1 M 109 

and water and dried at 120 ºC for 24 h.  110 

2.2. Characterization of the activated chars 111 

The textural and surface properties were assessed by N2 adsorption-desorption 112 

isotherms at -196 ºC in a Sync 200 device of 3P Instruments©. Firstly, the samples were 113 

degassed at 150 ºC for 12 h in a Prep J4 unit of 3P Instruments© under vacuum. The 114 

Brunauer-Emmett-Teller (BET) method was used for the determination of the total 115 

specific surface area (SBET). The total pore volume (VT) was quantified from the N2 116 

uptake at p/p0∼0.99. The t-plot method was applied to determine the specific surface of 117 

micropores (SMP) and the volume of micropores (VMP). The micropore size distribution 118 

was studied using CO2 adsorption isotherms at 0 ºC applying the Horvath–Kawazoe 119 

(HK) method [25,26]. 120 

The disorder degree of carbon was studied by X-ray Diffraction (XRD) in a Bruker 121 

D8 Discover device equipped with a detector Pilatus3R 100K-A, working with Cu Kα 122 

radiation (λ = 1.5406 Å). The diffractograms were registered within the 2θ range of 5–123 

75°. 124 
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The presence of surface functional groups was analyzed by attenuated total 125 

reflectance Fourier transform Infrared (ATR-FTIR) in a Perkin-Elmer Spectrum 65 126 

device, registering the spectra within 4000 and 400 cm−1 (resolution of 2 cm−1). 127 

The elemental analysis was carried out in a CHNS/O analyzer, model Flash 2000 128 

from Thermo ScientificTM. Briefly, the sample was oxidized at approximately 1400 °C 129 

and the released gases (CO2, H2O, NOx, SOx, and unreacted O2) passed through to the 130 

capture of O2 (copper bed at 860 °C) and led to the reduction of the organic nitrogen 131 

and sulfur to N2 and SO2. The final gases (CO2, H2O, N2, and SO2) are separated by gas 132 

chromatography and the quantification is conducted by thermal conductivity detection. 133 

The amount of oxygen is determined by the difference. 134 

The morphology of the porous activated samples was analyzed by Scanning Electron 135 

Microscopy (SEM) in a FEI Quanta 400 device (30 kV, 3.5 nm resolution). 136 

Transmission Electron Microscopy (TEM) was also conducted in a Libra LIBRA 120 137 

PLUS from Carl Zeiss SMT (120 kV, LaB6 filament), equipped with an omega in-line 138 

filter and Electron Energy Loss Spectroscopy (EELS) detection, which was conducted 139 

as a complementary analysis to assess the disorder degree of carbon, i.e. graphitic or 140 

amorphous carbon. 141 

2.3. Adsorption of CO2: kinetics and thermodynamics 142 

The CO2 isotherms at 0 and 25 ºC were carried out in a Sync 200 device of 3P 143 

Instruments©. The samples were degassed as mentioned previously. The CO2 uptake 144 

(qCO2, mg g-1) was adjusted to the Freundlich equation [27]: 145 

q��� = K� p� ��  (1) 146 

where KF (mg g-1 kPa-nF) and nF are, respectively, the Freundlich constant and exponent.  147 
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The CO2/N2 selectivity was calculated from their respective isotherms conducted at 148 

25ºC, near ambient temperatures that are relevant for real applications. The selectivity 149 

of CO2/N2 was estimated using the Henry’s law, by dividing the initial slopes of CO2 150 

and N2 adsorption isotherms [28], obtained by adjusting the isotherm data to a straight 151 

line within 0-20 kPa. Alternatively, the selectivity as a function of the total pressure was 152 

determined considering the ideal adsorbed solution theory (IAST), based on the 153 

assumption of a typical fuel gas composition, i.e., 15:85 (v/v) CO2:N2. Hence, the 154 

selectivity was calculated as follows [29,30]: 155 

Selectivity = �����,��℃
���,��℃

� �  ��
!���

� (2) 156 

where Vi stands for the gas uptake (STP cm3 g-1) and pi is the partial pressure of the i 157 

component in the CO2-N2 mixture (pN2/pCO2=0.85/0.15). 158 

The isosteric heat of adsorption (ΔHads) was obtained as a function of the CO2 uptake 159 

(qCO2) with the Clausius–Clapeyron equation [31,32]: 160 

 ∆H$%& = −R ln *!�
!+

, -+-�
.-�/-+0 (3) 161 

The obtained parameters by the Freundlich model were applied to the two adsorption 162 

isotherms carried out at T1=0 ºC and T2=25 ºC to obtain the pressures (p1 and p2) for 163 

different CO2 adsorption uptakes, leading to the isosteric adsorption calculation. 164 

The adsorption capacity (qCO2) was quantified by thermogravimetric assays in a 165 

Perkin-Elmer STA 6000 thermobalance. The process was set up with a drying step for 166 

the removal of moisture and physisorbed substances. The sample (10-20 mg) was 167 

subjected to a heating step from room temperature to 200 ºC and then held to this value 168 

for 1 h, under an N2 atmosphere, flow rate of 50 mL min-1. Next, the sample was cooled 169 

to 30 ºC under the same N2 flow rate. Finally, the isothermal adsorption step of CO2 was 170 
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done by changing the inlet gas to CO2, 50 mL min-1, for 2 h, until a constant mass was 171 

observed. The increase of mass registered for the mass of the dried sample led to the 172 

determination of the adsorbed CO2. 173 

Two models were used to describe the kinetic adsorption process of CO2 onto the 174 

carbonaceous adsorbents, i.e. pseudo-first-order and Avrami models, previously applied 175 

to simulate the adsorption rate behavior in similar materials [33–35]. The Lagergren’s 176 

pseudo-first order model assumes that the rate of CO2 depletion is directly proportional 177 

to the difference between the saturation concentration of that species and the mean 178 

concentration within the particle [36], describing the temporal evolution of the adsorbed 179 

CO2 capacity as follows: 180 

 q��� = q121 − e/4+56 (4) 181 

where qS (mg g-1) is the CO2 adsorption capacity under saturation conditions and k1 182 

(min-1) is the pseudo-first order rate constant. The Avrami model is a three-parameter 183 

modification of the first-order kinetics that was originally developed to simulate the 184 

phase transitions and crystal growth of materials [37]. Recently, it has been successfully 185 

used to describe the kinetics of CO2 adsorption onto functionalized activated carbons 186 

[33,38], clays [35] and zeolites [39]. The model predicts the evolution of the adsorbed 187 

CO2 as follows: 188 

 q��� = q121 − e/.475087 6 (5) 189 

where kA (min-1) is the Avrami kinetic constant and nA (dimensionless) is the Avrami 190 

exponent.  191 
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2.4. Breakthrough curves of CO2 adsorption in a fixed-bed column 192 

The breakthrough curves of CO2 adsorption in fixed-bed assays were carried out in a 193 

jacket glass column of 10 cm length and 10 mm internal diameter. The temperature was 194 

set at 30 ºC with the use of a cooling fluid passing through the annular space of the 195 

column. In the inlet, 0.5 g of adsorbent was placed. Glass balls were placed in the 196 

extremes of the adsorbent to keep it immobilized and avoid fluidization. A gas flow rate 197 

of N2-CO2 mixtures (C0=10-30% of CO2) at a total flow rate of 100 mL min-1 was fed to 198 

the bottom of the column. The concentration of CO2 leaving the column was analyzed 199 

by infrared detection (NDIR Edinburgh Instruments Ltd.). For the adsorption-desorption 200 

cycles, after reaching saturation of CO2 adsorption, the mixture N2-CO2 was changed 201 

into pure N2 to complete the desorption step. 202 

The adsorption capacity of CO2 (qCO2) was quantified from the area below the 203 

removed CO2 curve from the beginning of the process until reaching saturation of the 204 

column (tsat), i.e. C/C0~0.95, as follows: 205 

q��� = 9�:
;<=>

? *1 − �
�:

, dt5><A
B  (6) 206 

where υ (L s-1) means the volumetric flow rate, C0 (mol L-1) is the inlet CO2 207 

concentration, and mAds is the mass of the adsorbent loaded in the column. 208 

The removal efficiency of CO2 was determined as the amount of CO2 adsorbed in the 209 

fixed-bed respect to the total fed in the column: 210 

R = C���;<=>
9�:5><A

= ? *�/ �
�:,%5A><A:

5><A
 (7) 211 
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3. RESULTS AND DISCUSSION 212 

3.1. Characterization of the materials 213 

The textural properties of the materials after chemical activation with KOH and 214 

H2SO4 were evaluated by N2 adsorption-desorption isotherms at -196 ºC, see results in 215 

Figure 1 and Table 2. As can be seen, the activation with KOH led to the best results. 216 

The char prepared from polystyrene after KOH activation led to a higher surface area 217 

(508 vs 194 m2 g-1) and pore volume (0.398 vs 0.116 m2 g-1) than the activation of the 218 

char obtained from olive stone. Their relative mixtures led to intermediate values except 219 

for the sample 80P-char-KOH which led to a higher surface area, i.e. 559 m2 g-1. The 220 

isotherms describe a type II shape according to the IUPAC’s classification [40], with a 221 

high increase of N2 uptake at low relative pressures, which means a good development 222 

of microporosity. Plastic displayed higher micropore volume than olive stone. However, 223 

in relative terms, the presence of olive stone, although decreases the global porosity 224 

reached in the final material, affects positively the microporosity ratio (see Table 2). 225 

The higher contribution when plastic is incorporated is also deduced from the H4-type 226 

hysteresis loop [41]. 227 

Although the pyrolysis of plastic residues has been extensively studied for the 228 

production of added-value fuels, there is less information in the literature about the use 229 

of char using high-impact polystyrene as the precursor for the production of activated 230 

carbon materials [22]. Expanded polystyrene foams have led to very porous structures, 231 

over 2000 m2 g-1 surface area, and ~1 cm3 g-1 of pore volume [42]. The pyrolysis of 232 

waste tires and their activation with KOH has been reported to produce activated carbon 233 

with 474 m2 g-1 (700 ºC, KOH amount 4 times folded to the char) [43]. The acid 234 

activation with H3PO4 has been reported to develop much less porosity, 37-74 m2 g-1 235 

depending on the temperature of the process. Other studies have reached improved 236 
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textural, with areas as high as 700 m2 g-1 from activating the waste tires with a higher 237 

KOH ratio, i.e. five [44] or six times higher than the char [19]. A rise of the activating 238 

agent, although develops higher porosity, implies a rise in the costs of the material by 239 

the use of more chemical agents and further washing efforts. Bottles of polyethylene 240 

terephthalate have been pyrolyzed and the resulting char after activation with KOH 241 

(ratio KOH: char 3:1) led to a porous carbon material of high specific surface area 242 

(1345 m2 g-1) [45]. The char obtained from non-recyclable mixtures of plastic wastes 243 

after activation with KOH has led to surface areas of 487 m2 g-1 [46]. 244 

The pyrolysis and activation conditions have been selected based on the behavior of 245 

the plastic [24]. Nonetheless, the activation of olive stones has been widely studied in 246 

the literature, and optimized to release very porous carbon materials. The activation of 247 

olive stones with KOH under similar activation conditions (800 ºC, KOH: olive stone 248 

1:1) has been reported to develop porosity as high as 500 m2 g-1, and even higher by 249 

raising the ratio of KOH to the char [47]. Other works have reported higher BET area 250 

values with KOH activation, such as 886 mg2 g-1 at optimal conditions for the activation 251 

at 715 ºC, 2 hours, an amount 1.5 times KOH to char [48]. Besides, the carbonization 252 

temperature of the olive stones at lower temperatures, i.e. 200 ºC, and further activation 253 

with a high ratio of KOH, i.e. 3:1, have led to activated carbons with surface area as 254 

high as 2000 m2 g-1 [49]. 255 

The impregnation with H2SO4 has been demonstrated to develop porosity, but to a 256 

lesser extent if compared to KOH [50]; however, it modifies the surface groups, 257 

promoting the appearance of carboxylic groups [51] to the detriment of hydroxyl and 258 

carbonyl groups observed in the activation with KOH [52,53]. From the characterization 259 

results of Table 2, it can be observed that the textural modifications with H2SO4 are 260 



13 
 

marginal, with a slight increase in the surface area and total pore volume but negligible 261 

microporosity.  262 

Table 2. Textural characterization of the activated chars 263 

Sample SBET (m2 g-1) SMP (m2 g-1) VT (cm3 g-1) VMP (cm3 g-1) VMP/VT (%) 

P-char 33 15 0.042 <0.001 - 

80P-char 6 < 0.1 0.017 <0.001 - 

50P-char 5 < 0.1 0.008 <0.001 - 

20P-char < 0.1 < 0.1 <0.001 <0.001 - 

OS-char < 0.1 < 0.1 <0.001 <0.001 - 

P-char-KOH 508 401 0.403 0.204 50.6 

80P-char-KOH 559 472 0.343 0.231 67.3 

50P-char-KOH 380 340 0.216 0.168 77.7 

20P-char-KOH 280 251 0.164 0.131 79.9 

OS-char-KOH 194 172 0.116 0.089 76.7 

P-char-H2SO4 36 < 0.1 0.084 <0.001 - 

80P-char- H2SO4 14 < 0.1 0.038 <0.001 - 

50P-char- H2SO4 3.4 < 0.1 0.017 <0.001 - 

20P-char- H2SO4 0.6 < 0.1 0.004 <0.001 - 

OS-char- H2SO4 0.4 < 0.1 0.002 <0.001 - 
*SBET: total specific surface area by BET method; SMP: micropore surface area; VT: total pore 264 

volume; VMP: micropore volume.  265 

 266 

Figure 1. N2 adsorption-desorption isotherms of the chars activated with KOH (A) and 267 

H2SO4 (B). 268 
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XRD was conducted to characterize the disorder degree of carbon and level of 269 

crystallization of the chars after activation, see the diffractograms of some selected 270 

samples activated with KOH in Figure 2. The broad bands centered at approximately 271 

24 and 43°, corresponding respectively to the (002) and (100) diffraction planes, were 272 

observed in the samples [54]. The broadness of the peaks is a clear indication of the 273 

great degree of disorder. The band observed in the samples at the (002) plane can be 274 

related to a small number of stacked layers with a uniform interlayer distance (3.7 Å), a 275 

value larger than the usually reported for ordered structures based on graphite or 276 

graphene [55].  Figure 2 also depicts the presence of a minor contribution of other 277 

crystalline phases, probably due to the presence of metallic impurities. Although an 278 

attempt was conducted, the complexity of the samples, the low intensity of these peaks, 279 

and the plausible interaction with the carbon phase at the high temperatures during 280 

activation [54] did not enable a clear identification. 281 

 282 

Figure 2. XRD patterns of the chars activated with KOH 283 
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The nature of the functional groups present in the samples was studied by FTIR 284 

analysis. Figure 3 depicts the FTIR spectra of the non-activated char and char activated 285 

with H2SO4 and KOH obtained from the plastic and olive stone precursors as a selection 286 

to depict the differences between the precursor’s nature. The mixtures led to 287 

intermediate FTIR footprints depending on the contribution of plastic or olive stone to 288 

the char. The same functional groups were observed either in plastic or olive stone chars 289 

without activation with slight differences. A wide band centered at around 3100 cm-1 is 290 

observed in both chars, slightly higher in the char prepared from the plastic. At 1600 291 

cm-1, a peak is associated with C=C stretching in aromatic rings [56,57]. At 1400 cm-1 is 292 

defined as another peak that can be attributed to medium vibration of O-H flexion in 293 

carboxylic acids, alcohol, or phenol. At 1200 cm-1, another peak belonging to C-O 294 

vibration in carboxylic acids [57,58]. At 1100 cm-1 there is another peak attributable to 295 

C-O of ether or alcohols [57,59]. The olive stone char displayed a uniform contribution 296 

of the abovementioned peaks whereas the plastic char if compared in intensity, was 297 

characterized by the higher contribution of alkenes and ethers and/or alcohols. After 298 

activation, more remarkable differences were observed between the nature of the 299 

chemical agent, e.g. KOH and H2SO4. The activation with KOH decreased the intensity 300 

of ethers and alcohols. Nonetheless, the use of H2SO4 contributed to obtaining 301 

oxygenated peaks with more intensity than the use of KOH. This tendency, although 302 

common in both precursors, is more visible in the case of plastic char. 303 
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 304 

Figure 3. FTIR spectra of plastic (A) and olive stone (B) chars before and after 305 

activation with KOH and H2SO4. 306 

The elemental composition of the activated chars is shown in Table 3. The 307 
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reaction between the KOH and the oxygenated content present in the plastic char to 312 
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oxygenated groups that contribute to the percentual account of oxygen. This effect of an 318 

increase in the oxygen proportion during H2SO4 activation compared to KOH has been 319 

also reported during the activation of tires [61]. Moreover, the presence of sulfur was 320 

detected, at a higher proportion as the content of plastic in the precursor char was 321 

higher, probably due to the higher reaction extent between the char and the acid, 322 

triggering the release of larger amounts of sulfate [61]. 323 

Table 3. Elemental composition of the chars before and after activation 324 

 

Material 

Composition (%) 

N C H S O 

P-char 0.48 55.03 2.75 0.05 41.69 

80P-char n.d. 65.03 2.07 n.d. 32.90 

50P-char n.d. 70.91 3.12 n.d. 25.97 

20P-char n.d. 78.41 3.44 0.04 18.11 

OS-char n.d. 83.07 3.52 n.d. 13.41 

P-char-KOH 0.64 75.83 0.77 n.d. 22.76 

80P-char-KOH 0.63 75.56 0.74 n.d. 23.07 

50P-char-KOH 0.68 75.83 0.71 n.d. 22.78 

20P-char-KOH 0.35 76.54 0.69 n.d. 22.42 

OS-char-KOH 0.00 78.59 0.63 n.d. 20.78 

P-char-H2SO4 n.d. 40.52 0.76 5.19 53.53 

80P-char- H2SO4 0.21 44.35 1.74 3.89 49.81 

50P-char- H2SO4 n.d. 55.97 0.36 4.88 38.79 

20P-char- H2SO4 0.68 62.69 0.75 0.33 35.55 

OS-char- H2SO4 0.72 75.12 0.86 0.19 23.11 

n.d.: not detected 325 

The morphology of the activated carbons was analyzed by SEM technique. Figure 4 326 

illustrates some of the selected SEM micrographs obtained for the activated chars with 327 

KOH, which developed the highest microporosity. The sample obtained from the olive 328 

stones, OS-char-KOH (Figures 4A and 4B), displayed holey particles. The images 329 

obtained with the polystyrene precursor, P-char-KOH, provided a completely different 330 

morphology. It was observed that the agglomeration of fiber particles, see Figure 4C. 331 

The magnification over these fibers suggested the presence of some cavities (Figure 332 
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4D). The samples obtained from the mixture of both precursors led to heterogeneous 333 

contributions of the previously mentioned morphologies, i.e. holy particles to which 334 

fibers were attached. Figures 4E and 4F provide the view of the holey particles of 50P-335 

char-KOH. 336 

 337 

Figure 4. SEM pictures of OS-char-KOH (A and B), P-char-KOH (C and D), and 50P-338 

char-KOH (E and F). 339 

The morphology at a higher magnification than SEM was evaluated by TEM 340 

microscopy. The P-char-KOH and OS-char-KOH were selected for the TEM analysis, 341 

see Figure 5. In the selected pictures taken, it is observed that the particles of P-char-342 

KOH displayed higher thickness, leading to particles opaque to TEM. In contrast, OS-343 

char-KOH was much more transparent, depicting wrapped carbon plates and fibers, 344 

agglomerated in higher units of particles. The recorded EEL spectra of P-char-KOH and 345 
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OS-char-KOH, see Figure 5D and 5H respectively display the peaks of π* (286 eV) and 346 

σ* (293 eV) transitions, of the carbon-K core-loss edge. These spectra provide 347 

information on the disorder degree of carbon in each sample. The feature at 286 eV, 348 

linked to the transition 1s→π* is attributed to the C=C double bonds; while the acquired 349 

peak defined at 291 eV, corresponding to the transition 1s→σ* is attributed to C-C 350 

bonds of characteristic of diamond and graphitic structures [62]. In ordered compounds 351 

like diamond and graphite, a peak appears at 291 eV [63]. Moreover, while the intensity 352 

gradually decreases with the energy loss in amorphous carbon, the graphitic structure 353 

describes a wide second peak within 320 and 330 eV [63], as shown in the sample P-354 

char-KOH. Accordingly, the EELS analysis of P-char-KOH can be labeled as graphitic 355 

whereas the OS-char-KOH displays EELS carbon-K spectra of an amorphous structure. 356 

It should be mentioned that the spectrum of P-char-KOH was defined with low intensity 357 

due to the thickness and opaqueness of the sample, impeding a high flow of transmitted 358 

electrons.  359 

 360 

Figure 5. TEM pictures and EELS analysis of the carbon-K core-loss edge of P-char-361 

KOH (A- D) and OS-char-KOH (E-H).  362 
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3.2. Adsorption of CO2 by thermogravimetry 363 

The activated chars were tested as adsorbent for CO2 capture. As a first approach to 364 

determine the adsorption capacity, the performance on thermobalance with a pure CO2 365 

effluent was tested. The temporal evolution of the retained CO2 is depicted in Figure 6 366 

and the saturation CO2 capacity, quantified from the reached plateau, is illustrated in 367 

Figure 7. The chars before activation displayed low adsorption capacity, being the char 368 

obtained from olive stones was more effective than the plastic, i.e. 43.7 vs 31.3 mg g-1. 369 

The char prepared with the mixtures of plastic and olive stone led to intermediated 370 

values. After the washing with HCl, these values were slightly decreased, being 41.6 mg 371 

g-1 for the olive stone and 29.1 mg g-1 for the washed plastic char. The activation with 372 

KOH was more efficient than H2SO4 for the capture of CO2 by adsorption. 373 

 374 

Figure 6. CO2 adsorption performance on thermobalance of the materials before and 375 

after activation 376 
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  377 

Figure 7. Comparison of the saturation CO2 capacities with the different materials 378 

Contrary to what was registered with the char before activation, the P-char after 379 

activation produced better adsorption of CO2. For instance, the P-char-KOH was able to 380 

retain 155 mg CO2 g-1 whereas the OS-char-KOH adsorbed a third less, 100.3 mg CO2 381 

g-1. This improved adsorption capacity can be explained based on the textural 382 

properties, i.e. micropore volume 0.204 cm3 g-1 (P-char-KOH) vs 0.089 cm3 g-1 (OS-383 

char-KOH). It is frequently reported a proportional relationship between the amount of 384 

adsorbed CO2 and the micropore volume (< 2 nm) [64,65]. The CO2 molecule displays 385 

a diameter of 0.33 nm, and slightly higher sizes but inferior to 1 nm result in the 386 

optimum value for CO2 adsorption [66]. The pore size distribution was studied through 387 

CO2 adsorption isotherm at 0 ºC. Figure 8 depicts the results of the pore width 388 

distribution by the HK model, in which it can be appreciated that the micropore of the 389 

char after activation is within 0.5 and 2.5 nm, being the most frequent ~0.6 nm. The 390 

activation with KOH was able to develop an important contribution to microporosity, 391 

which has been reported as essential for CO2 capture. Although the intermediate 392 

mixtures did not display a synergistic effect on the CO2 adsorption, their combination 393 

can be justified based on the higher yield of material they produce after pyrolysis as 394 
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shown in Table 1. The addition of plastic as raw material aided not only in developing a 395 

higher microporosity but also in enhancing the CO2 adsorption capacity. The literature 396 

reports diverse CO2 uptakes depending on the microporosity developed. 397 

 398 

Figure 8. Micropore size distribution of the samples activated with KOH by the HK 399 

method. 400 

The use of plastic polymers has been considered as a carbon source precursor for the 401 

activation for the production of porous activated carbon which can be used for the 402 

adsorption of CO2. Nonetheless, there is little information in the literature using 403 

polystyrene as the precursor. There is a work that reported the preparation of 404 

carbonaceous materials with steam activation and superficial tunning with nitrogen-405 

enriched groups, able to uptake CO2 with a performance of 140.8 mg g-1 [67]. For the 406 

comparison with the material prepared in this work, e.g. from polystyrene, the closest 407 

polymer with wide study in the literature is polyethylene terephthalate (PET). For 408 

instance, the activation of the char obtained from post-consumer PET soft-drink bottles 409 

with KOH (500 ºC, KOH ratio 4:1) led to a CO2 uptake of 96.8 mg g-1 [68]. PET from 410 
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disposable water and cold drink bottles has been also used to prepare activated carbon 411 

(KOH, 700 ºC, ratio 3:1), leading to a retention of 101.6 mg g-1 [69]. Under activation 412 

conditions closer to our study (activation with KOH, 800 ºC, ratio 1:1), the adsorption 413 

capacity has been reported as high as 154 mg g-1 [70], quite close to the value reached in 414 

this work (155 mg g-1). The olive stones have been used to obtain competitive materials 415 

for CO2 adsorption but with lower capacities than polymers. For example, the olive 416 

stones carbonized and activated with CO2 have been reported to uptake at atmospheric 417 

pressure 88 mg g-1 [71].  418 

The activation with H2SO4 poorly improved the results obtained with the chars 419 

before activation, see Figure 7. Only a slight improvement was observed, especially 420 

when plastic is present in the mixture of the precursor char. For example, the P-char-421 

H2SO4 adsorbed 57.3 mg g-1. In the case of OS-char-H2SO4, the value was 38.3 mg g-1, 422 

even lower than before the activation. This behavior can be related to the textural 423 

porosity. The addition of H2SO4 poorly developed porosity in the precursor chars, with 424 

negligible microporosity contribution, explains the lack of CO2 adsorption ability. For 425 

this reason, the H2SO4 was discharged as an activation method in this study. Other 426 

works have successfully got activation with H2SO4 although reaching less porosity 427 

compared to KOH. The activation of date seeds with H2SO4 led to surface areas 311-428 

577 m2 g-1 while KOH raised the values to 623-912 m2 g-1, depending on the chemical 429 

activating ratio and temperature [72]. However, although KOH led to the highest 430 

porosity, it was H2SO4 that conducted the best CO2 uptake in comparison due to the 431 

presence of surface acid groups. 432 

The kinetics of CO2 adsorption onto carbonaceous materials have been fitted to 433 

diverse models, e.g. Lagergren’s pseudo-first order, Ho’s pseudo-second order, or 434 

Elovich's diffusional model [28,35]. The pseudo-first order model assumes reversible 435 
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interaction between the adsorbent and the adsorbate, such as physisorption. The pseudo-436 

second order supposes a strong binding interaction between the adsorbed gas and the 437 

surface of the solid, which is appropriate to describe chemisorption processes [73]. The 438 

CO2 adsorption onto activated carbon has been largely described as a physisorption 439 

process [34], as the reported adsorption heat suggests [34,74,75]. Based on this premise, 440 

the adsorption kinetics has been examined by fitting to the pseudo-first order and the 441 

Avrami model, a factorial variant of the pseudo-first order with three parameters. 442 

Although the pseudo-second order and Elovich models have been adjusted to the 443 

experimental data (results not shown), the lack of adequate fitting (R2<0.9 in most of 444 

the cases) if compared to the pseudo-first order (R2>0.9) suggests a probable 445 

physisorption predominant action. The results of the obtained fittings are shown in 446 

Table 4. The Avrami model implies a better description, raising in all the cases the R2 447 

values. In general terms, the rate constant, either k1 or kA, displayed minor differences 448 

between the samples. The adsorption rate onto the native chars was improved as the 449 

olive stone proportion was raised and even improved with the washing step. The 450 

activated samples with KOH performed similar rate constants to their washed ones. The 451 

k-values of the activated samples are within the typical values reported in the literature 452 

for activated carbons, i.e. 0.18-0.30 min-1 [76,77]. The activation of H2SO4 slightly 453 

raised the k-values except for the samples with the highest proportion of olive stone, in 454 

which the kinetic was dramatically decreased, probably due to the lack of enough 455 

developed porosity, as the SBET inferior to 1 m2 g-1 suggests.  456 
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Table 4. Kinetics parameters of CO2 adsorption on the materials before and after 457 

activation with KOH and H2SO4 458 

The thermodynamic behavior of the adsorption process was studied by carrying out 459 

CO2 adsorption isotherms up to atmospheric pressure at 0 ºC and 25 ºC for the samples 460 

activated with KOH due to the higher adsorption uptakes, as suggested by the assays 461 

carried out in the thermobalance. The shape of the isotherms, see Figure 9A, depicts a 462 

growing rise of the CO2 uptake until 101 kPa, with the lack of a defined plateau. The 463 

exothermic behavior of the adsorption process was confirmed by the decrease of CO2 464 

uptake with the rise of the temperature. The experimental data were successfully 465 

adjusted to the Freundlich equation (R2>0.99), see the results in Table 5. The 466 

Freundlich equation is an empirical model that describes a non-ideal and reversible 467 

Sample 
q120 min 

(mg g-1) 

Pseudo-first order Avrami 

DEFG = DH2I − J/KIL6 DEFG = DH2I − J/.KML0NM 6 

qS 

(mg g-1) 

k 1 

(min-1) 
R2 

qS 

(mg g-1) 

kA 

(min-1) 
nA R2 

P-char-native 31.3 29.7 0.144 0.965 29.9 0.147 0.799 0.987 

80P-char-native 34.0 32.2 0.156 0.972 32.2 0.156 1.080 0.986 

50P-char-native 35.6 35.5 0.180 0.987 35.4 0.174 1.213 0.994 

20P-char-native 42.6 42.7 0.171 0.989 42.6 0.167 1.192 0.993 

OS-char-native 43.7 43.3 0.177 0.986 43.2 0.111 1.243 0.993 

P-char-washed 29.1 29.0 0.164 0.985 28.9 0.158 1.305 0.996 

80P-char-washed 30.6 31.1 0.188 0.981 31.1 0.189 0.987 0.990 

50P-char-washed 39.2 39.3 0.195 0.987 39.3 0.188 1.187 0.992 

20P-char-washed 41.1 40.4 0.168 0.987 40.3 0.164 1.216 0.993 

OS-char-washed 41.6 41.4 0.164 0.985 41.3 0.158 1.305 0.996 

P-char-KOH 155.1 150.9 0.170 0.969 152.2 0.173 0.771 0.978 

80P-char-KOH 122.0 118.4 0.194 0.981 118.7 0.198 0.887 0.991 

50P-char-KOH 113.7 114.3 0.189 0.981 114.9 0.196 0.803 0.990 

20P-char-KOH 115.9 110.9 0.196 0.974 111.3 0.201 0.850 0.989 

OS-char-KOH 100.5 96.9 0.184 0.970 97.3 0.188 0.837 0.974 

P-char-H2SO4 57.3 54.1 0.181 0.955 54.6 0.184 0.747 0.965 

80P-char-H2SO4 52.0 51.8 0.205 0.991 51.7 0.201 1.099 0.993 

50P-char-H2SO4 49.0 48.6 0.221 0.989 48.6 0.218 1.068 0.990 

20P-char-H2SO4 53.8 53.4 0.028 0.990 62.9 0.019 0.751 0.999 

OS-char-H2SO4 38.3 38.7 0.024 0.988 51.3 0.013 0.719 0.999 
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process of monolayer or multilayer adsorption on a heterogeneous surface [27]. 468 

Therefore, the good fitting to the Freundlich isotherm suggests certain heterogeneity in 469 

the activated carbon surface [78]. The Freundlich constant (KF) decreased with the 470 

temperature, due to the physisorption character; and the exponent was higher than the 471 

unit, which is characteristic of a physisorption process [79]. If the samples are 472 

compared, the chars prepared from the mixture of plastic and olive stone show certain 473 

improvement in CO2 uptake if compared to the original precursors. 474 

 475 

Figure 9. (A) CO2 adsorbed (mg g-1) at 0 ºC (filled symbols) and 25 ºC (empty 476 

symbols). (B) CO2 (filled symbols) and N2 (empty symbols) gas uptake (SPT cm3 g-1) at 477 

25 ºC. The lines depict the fitting to the Freundlich model. 478 

Table 5 Freundlich parameters of CO2 adsorption, CO2/N2 selectivity at 25 ºC, and 479 

isosteric adsorption heat.  480 

Sample T (ºC) 

Freundlich isotherm 

DEFG = OP QI NP�  
qCO2 

(mg g-1) 

at 1 bar 

CO2/N2  

Selectivity2 

(%)  
-ΔHads

3 

(kJ mol-1)  

KF
1  nF R2 initial IAST15:85 

P-char-KOH 
0 15.395 2.214 0.996 123.8 

10.2 39.0 23.9 
25 7.068 1.868 0.997 84.6 

80P-char-KOH 
0 15.902 2.091 0.997 144.5 

14.1 47.3 20.1 
25 8.195 1.808 0.997 105.2 
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50P-char-KOH 
0 14.520 2.045 0.998 138.0 

17.3 68.3 28.2 
25 7.068 1.868 0.997 83.2 

20P-char-KOH 
0 11.837 1.894 0.998 135.4 

15.4 55.1 16.6 
25 6.428 1.679 0.998 100.4 

OS-char-KOH 
0 9.845 1.817 0.996 124.8 

12.6 50.8 21.7 
25 6.068 1.787 0.999 80.3 

1KF in mg g-1 kPa-nF 481 

2Initial selectivity obtained at 25 ºC from the slopes of CO2 and N2 isotherms. IAST15:85, 482 

selectivity obtained for a CO2:N2 mixture of 15:85 (v/v) at ambient pressure. 483 

3Isosteric adsorption heat at qCO2= 80 mg g-1. 484 

The CO2/N2 selectivity of the activated samples with KOH was assessed following 485 

two approaches. Firstly, the initial selectivity, e.g. the selectivity at low pressures with 486 

equal partial pressures of CO2 and N2, was calculated as the division of the slope of the 487 

straight line adjusted to the isotherms illustrated in Figure 9B at low pressures (0-20 488 

kPa), leading to the values displayed in Table 5. Alternatively, the selectivity was also 489 

estimated from the ideal adsorbed solution theory (IAST), see Figure 10A, as a function 490 

of the pressure for a hypothetical mixture of 15:85 CO2:N2, a value frequently observed 491 

in exhausted fumes released from fuel combustion. Both calculations for the selectivity 492 

lead to the same conclusion, the selectivity of the samples prepared from mixed 493 

precursors was higher than those activated with the pure chars of olive stone or plastic. 494 

Furthermore, the sample 50-char-KOH shows an outstanding synergistic effect in terms 495 

of selectivity as visible in Figure 10A. At ambient pressure, this sample displayed an 496 

IAST selectivity of 68.3, higher than the values reported for commercial formulas of 497 

activated carbons (<15) [30] and quite competitive to the majority of experimental 498 

carbon materials prepared at lab scale [80], which provides evidence of the benefits of 499 

mixing char precursors for CO2-capture and separation applications.  500 

The isosteric heat of CO2 adsorption of the chars activated with KOH is depicted in 501 

Figure 10B. It is observed that the samples containing polystyrene as a precursor led to 502 

profiles in which the isosteric heat of adsorption was larger at low coverage uptake and 503 
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gradually declined with the consumption of strong active sites. This behavior is 504 

attributed to the heterogeneity of the sample in which the first active sites led to higher 505 

exothermicity than the rest. The equation of Freundlich assumes that the adsorption 506 

energy logarithmically decreases with the number of available adsorption sites 507 

decreases [78]. At atmospheric pressure, the obtained values are within 16-38 kJ mol-1. 508 

Values below 40 kJ mol-1 are considered as physisorption, whereas values over 80 kJ 509 

mol-1 are labeled as chemisorption [81]. As suggested by the calculated Freundlich 510 

exponents values, the CO2 process on the prepared samples takes place via 511 

physisorption.  512 

 513 

Figure 8. (A) IAST CO2/N2 selectivity at 25 ºC of 15:85 (v/v) mixtures and isosteric 514 

heat of CO2 adsorption of the samples activated with KOH as a function of the pressure. 515 

3.3. Breakthrough curves of CO2 adsorption 516 

The dynamic behavior of CO2 adsorption was assessed in the fixed-bed column for 517 

the chars activated with KOH based on the better results achieved in the thermobalance 518 

assays. Figure 11 illustrates the breakthrough curves of the chars activated with KOH 519 

which led to the best adsorption capacities. Three inlet CO2 concentrations within 10-520 
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30% vol. were tested. The higher the inlet concentration of CO2, the faster the 521 

breakthrough curve was described. At the lowest inlet CO2, the curves showed the 522 

highest differences among them. Under a feeding of 10% of CO2 the sample activated 523 

from pure plastic pyrolysis led, i.e. P-char-KOH, led the breakthrough curve appeared at 524 

46 s, with an adsorption capacity of qCO2=49.7 mg g-1. The adsorbent prepared from 525 

olive stone (OS-char-KOH) shortened the appearance of the breakthrough point (~36 s) 526 

and retained less CO2, qCO2=47.8 mg g-1. The sample whose char was obtained from 527 

80% of plastic, i.e. 80P-char-KOH led to the highest adsorption capacity, qCO2=59.6 mg 528 

g-1. The rest of the samples, see Table 6, reported very similar adsorption retention if 529 

compared to the sample with only olive stone. Regarding the removal percentages of 530 

CO2, the sample P-char-KOH led to the best results and the OS-char-KOH to the lowest 531 

efficiency, with intermediate values for the mixtures. 532 

An increase in the inlet CO2 concentration gave a rise in the adsorption capacities, 533 

for instance in the case of P-char-KOH, the adsorption capacities increased to 176.3 mg 534 

g-1 at 30% and 220.8 mg g-1 at 50%. At the same time, the saturation times were 535 

shortened. This positive effect is associated with the larger probability of the adsorbate 536 

molecules interacting with the active points of the adsorbent. Besides, with an increase 537 

in CO2 concentration, a greater concentration gradient is generated; therefore, the 538 

resistance mass transfer is reduced, leading to a greater adsorption capacity [82,83]. The 539 

adsorption capacities obtained with the different plastic-olive stone mass ratios at 30 540 

and 50% of CO2 feeding led to similar behavior if compared to those obtained at 10% of 541 

CO2. Thus, the P-char-KOH conducted the highest CO2 adsorption capacity followed by 542 

80P-char-KOH and OS-char-KOH. The other two intermediate proportions, i.e. 50P-543 

char-KOH and 20P-char-KOH produced slightly lower retention capacities. 544 
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Table 6. Adsorption capacities and removal efficiency of CO2 during the sequential 545 

adsorption-desorption cycles in the fixed-bed column at different initial concentrations 546 

Sample 

C0=10% C0=30% C0=50% 

qCO2 

(mg g-1) 
R (%) 

qCO2 

(mg g-1) 
R (%) 

qCO2 

(mg g-1) 
R (%) 

P-char-KOH 49.7 34.8 176.3 33.6 220.8 32.8 
80P-char-KOH 59.6 36.2 172.9 31.9 216.4 35.4 
50P-char-KOH 49.5 38.5 137.7 40.5 190.1 33.9 

20P-char-KOH 50.2 31.3 152.3 31.8 197.7 31.4 
OS-char-KOH 47.8 29.7 161.3 28.7 197.5 27.5 

 547 

Figure 11. Breakthrough curves at different inlet concentrations of CO2 of the chars 548 

activated with KOH. Experimental conditions: T=30 ºC, mAds=0.5 g, υGAS=100 mL min-
549 
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If the retention capacities obtained in the fixed-bed column are compared to the 551 

saturation capacities obtained in the thermobalance assays, it is observed that the values 552 

obtained in the column are higher. This might be attributed to the humidity present in 553 

the sample when carrying out the column experiments. The thermobalance analysis 554 

program includes a step at 200 ºC which was not carried out in the fixed bed column. 555 

The presence of moisture has been linked to higher CO2 uptake due to the reaction of 556 

CO2 and water to release carbonate and bicarbonate, increasing therefore the amount of 557 

CO2 consumed. For example, in the case of modified commercial silica, an increase of 558 

up to 10% of CO2 adsorbed has been reported in the presence of humidity [84]. Not 559 

only has the moisture been highlighted as the reason why the fixed-bed experiments 560 

display higher saturation uptakes, but also the operating conditions. The adsorbent 561 

particles in the thermobalance, placed in a capsule, are likely to build aggregates that 562 

impede the adsorbate from reaching internal pores, making the material impermeable to 563 

the adsorbate molecules [85]. On the contrary, the fluid-dynamic conditions displayed 564 

in the fixed bed help to maximize the surface exposed to the adsorbate and avoid the 565 

formation of aggregates.  566 

To further investigate the dynamic behavior of the samples, adsorption-desorption 567 

cycles of CO2 were carried out. As an example, the two different materials prepared 568 

from polystyrene or olive stone, i.e. the samples P-char-KOH and OS-char-KOH, were 569 

selected. The low partial pressure of CO2 and 30 ºC were selected in an attempt to 570 

simulate post-combustion conditions. Figure 12 depicts the evolution of three 571 

consecutive adsorption and desorption cycles. The capacity of CO2 retention during the 572 

adsorption step and the release in the desorption step are shown in Table 7. As observed 573 

from the adsorption capacities, no loss of retention was registered on the materials. The 574 

desorbed amount of CO2 calculated from the desorption curves was slightly inferior to 575 
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the estimated for the adsorption step, i.e. in the case of P-char-KOH the adsorbed 576 

capacity was 145-155 mg g-1, and the desorbed 111-125 mg g-1. 577 

 578 

Figure 12. Breakthrough curves of sequential adsorption-desorption cycles of CO2 with 579 

P-char-KOH (A) and OS-char-KOH (B). Experimental conditions: T=30 ºC, mAds=0.5 580 

g, υGAS=100 mL min-1, C0=30%. 581 

Table 7. Adsorption capacities (mg g-1) of CO2 during the sequential adsorption-582 

desorption cycles in the fixed-bed column 583 

Cycle Step P-char-KOH OS-char-KOH 

1 
Adsorption 49.7 47.8 

Desorption 37.1 38.0 

2 
Adsorption 48.3 50.4 
Desorption 40.1 37.6 

3 
Adsorption 51.8 44.9 
Desorption 41.7 41.2 

4. CONCLUSIONS 584 

Plastic residues and olive stone can be easily transformed into added-value activated 585 

carbon with a high ability to capture CO2 in gas streams. The pyrolysis of olive stones 586 

leads to a higher char yield than polystyrene. The activation with KOH resulted in more 587 

effective than the impregnation with H2SO4. The activation with KOH was able to boost 588 
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surface areas as high as 504 and 194 m2 g-1 for polystyrene and olive stone chars, 589 

respectively; while H2SO4 barely raised the porosity of the starting materials. The 590 

performance of CO2 adsorption in thermobalance assays was conducted to the best 591 

results for those materials prepared with KOH, with a good correlation between the CO2 592 

uptake and the microporosity developed. The KOH activation of the char from plastic 593 

led to a 155 mg CO2 g-1 uptake, while olive stone led to 100 mg CO2 g-1. Activation 594 

with H2SO4 enhanced the adsorption capability of the non-activated char but to a much 595 

lesser extent than KOH. Adsorption assays in a fixed-bed column were performed at 596 

different CO2 inlet concentrations (10-50%), having a positive influence on the 597 

saturation CO2 uptake. The capacity of the plastic char activated with KOH was similar 598 

to the achieved with olive stone, and higher than the values obtained with 599 

thermobalance analysis at 50% CO2 feeding, probably due to the better contact of the 600 

adsorbate and the adsorbent in the column. Finally, sequential adsorption-desorption 601 

cycles were carried out in the column, showing a lack of loss in the adsorption retention. 602 

This work suggests the possibility of mixing plastic and biomass residues to enhance the 603 

yield in the preparation of the material with no loss of CO2 performance. 604 
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